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We discuss the implications that new magnetocaloric, thermal expansion and magnetostriction
data in α-RuCl3 single crystals have on its temperature-field phase diagram and uncover the
magnetic-field dependence of an apparent energy gap structure ∆(H) that evolves when the low
temperature antiferromagnetic order is suppressed. We show that, depending on how the thermal
expansion data is modeled, ∆(H) can show a cubic field dependence and remain finite at zero field,
consistent with the pure Kitaev model hosting itinerant Majorana fermions and localized Z2 fluxes.
Our magnetocaloric effect data provides, below 1 K, unambiguous evidence for dissipative phenom-
ena at Hc, smoking gun for a first order phase transition. Our results, on the other hand, show little
support for a phase transition from a QSL to a polarized paramagnetic state above Hc.
The Kitaev model treats S = 1/2 spins on a honey-
comb lattice with bond-dependent interactions and is one
of the few examples of an exactly solvable quantum spin-
model on a two-dimensional (2D) lattice. It has been
shown that its ground state is a quantum spin liquid
(QSL) with Majorana fermions and Z2 fluxes as funda-
mental excitations [1, 2]. The proposal [3] that Mott
insulators with strong spin orbit coupling and the cor-
rect geometry could display Kitaev interactions and the
associated QSL ground state stimulated significant re-
search into candidate materials. Initially these focused
on the iridate compounds Li2IrO3 and Na2IrO3, but more
recently significant attention has been paid to α-RuCl3
[4–7]. The effective magnetic Hamiltonian for the mate-
rials includes Kitaev terms that may be anisotropic, as
well as Heisenberg and off-diagonal exchange terms. In
the absence of a magnetic field, stoichiometric α-RuCl3
single crystals show a sharp transition to antiferromag-
netic (AFM) order around TN = 7 K. The RuCl3 layers
are weakly coupled by van der Waals forces, so stack-
ing faults are easily formed, and these along with other
defects or disorder lead to additional transitions, most
prominently a broad transition around 14 K related to
a different AFM stacking order [8]. The AFM order in
α-RuCl3 can be readily suppressed by the application of
a magnetic field, however a definitive determination of
the temperature-field phase diagram has proved so far
elusive.
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Indeed, numerous studies have recently proposed a
field-induced QSL phase in α-RuCl3, sustained on the
observation of unusual physical properties [9, 10], like the
emergence of a plateau in the thermal hall effect [11, 12],
the opening of a spin gap from thermal conductivity [13],
specific heat [14], electron spin resonance [15] and nu-
clear magnetic resonance (NMR) [16–19] measurements.
There are two types of quasiparticles arising from the
fractionalization of the spin degree of freedom in a QSL:
Majorana fermions and Z2 fluxes. Majorana Fermions
are itinerant, charge-neutral spin-1/2 particles that are
their own antiparticles. They are excited with a gapless
continuum while the localized Z2 fluxes are gapped [1].
In a magnetic field Majorana fermions also acquire a gap
with a cubic field dependence, while the Z2 excitations
are insensitive to the magnetic field [1]. As pointed out
by Nagai et al. [18] the field dependence of the spin-gap
is, however, controversial in the literature with specific
heat and NMR studies reporting a vanishing gap around
the critical field µ0Hc Ä 7 T as well as a scaling behavior
that is in agreement with a quantum critical point at Hc
[14, 16, 17], other experiments indicate the presence of
a finite residual gap in zero field [15, 19, 20] or a two
energy-gap structure [18].
Here we report in-plane lattice effects that underscore
the strong spin-lattice coupling in α-RuCl3 single crys-
tals, in both the AFM order and the field induced states.
This is complemented with magnetocaloric effect (MCE)
measurements performed in pulsed magnetic fields at
temperatures down to 0.56 K. Earlier dilatometry work
[21, 22] focused mainly on the lattice change along the
out-of-plane crystallographic direction (0,0,1). We, how-
ever, perform thermal expansion and magnetostriction
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2FIG. 1. Thermal expansion ∆L/L0 as a function of the tem-
perature. The arrows indicate the onset of the antiferromag-
netic ordering temperature TN at around 7 K (black arrow) as
well as the broad feature present at 14 K (blue arrow). The
inset shows the low temperature magnetization of the same
crystal recorded at a magnetic field of 100 Oe. A depiction of
the fiber Bragg grating setup is shown in the bottom. The
magnetic field is aligned along the optical fiber and parallel
to the (1,1,0) crystallographic direction.
measurements directly probing the change of the more
relevant in-plane lattice parameters along (1,1,0) using a
fiber Bragg grating method (FBG) [23, 24]. These results
reveal an energy gap, i.e. an energy scale, that, depend-
ing on the modeling, does not vanish at Hc. Magne-
tocaloric effect measurements in a 3He refrigerator down
to 0.5 K were accomplished in two limits, quasi-adiabatic
and quasi-isothermal [25, 26], that show previously unde-
tected dissipative mechanisms closely related to the sup-
pression of AFM order at Hc.
Single crystal samples of α-RuCl3 were prepared using
high-temperature vapor transport techniques from pure
α-RuCl3 powder with no additional transport agent[27].
All crystals reported here exhibit a single dominant tran-
sition temperature of TN Ä 7 K comparable to other re-
cent studies [8, 28, 29], indicative of high-quality crystals
with minimal stacking faults. Care was taken to mini-
mize the introduction of additional stacking faults when
mounting the crystals. Characterization carried out by
means of magnetization measurements on the α-RuCl3
single crystals in a Quantum Design R© magnetic proper-
ties measurement system (MPMS R©) is consistent with
previous studies [6, 17, 30].
Figure 1 shows the thermal expansion vs. temper-
ature of α-RuCl3. The optical fiber was attached to
the side of the sample parallel to the (1,1,0) crystal-
lographic direction, thus probing the change of the in-
plane lattice parameters. A sharp drop in ∆L/L0 =
(L(T )−L(Tmin))/L0, where L0 is the length of the fiber
Bragg grating (5 mm), can be observed at the AFM or-
dering temperature TN around 7 K. The broad feature
present around 14 K is attributed to the presence of stack-
ing faults [8]. The magnetization data for the same crys-
tal in figure 1 inset shows a single step-like transition
at TN and no feature at higher temperatures. However,
magnetization can be a less sensitive probe than specific
heat or thermal expansion in detecting the 14 K transi-
tion. Some stacking faults might be induced by the cut-
ting process, which is unavoidable for this experiment.
The FBG method is potentially more sensitive to stack-
ing faults in the vicinity of the cut edge than the magneti-
zation, which probes the entire sample. A small amount
of residual strain on the sample, caused by the differ-
ential thermal contraction between sample and optical
fiber, cannot be ruled out.
The magnetic field dependence of TN can be tracked
by thermal expansion measurements as shown in figure
2(a). The AFM transition is visible as a drop in the
relative change of length ∆L/L signal at TN(H) in ap-
plied fields up to 6 T, as well as a peak in the coefficient
of linear thermal expansion α(T ) = (1/L0)(∂∆L/∂T )
shown in figure 2(c). Remarkably α(T ) obtained at H
≥ 6 T show a broad feature resembling a Schottky-type
anomaly indicating the presence of an energy gap (see fig-
ure 2(b)). We, therefore, fit the temperature dependence
of the thermal expansion coefficient with the equation:
α(T ) ≈ R∆
2
T 2
e∆/T
(1 + e∆/T )2 , (1)
where R is a constant and ∆ an energy gap. The pres-
ence of a Schottky-type anomaly in the thermal expan-
sion data is a somewhat common phenomenon since heat
capacity and thermal expansion coefficient are both sec-
ond derivatives of the systems free energy. The effect has
been observed before primarily in f -electron compounds
where the energy gap is associated with the relatively
small crystal field splitting (see for example [31, 32]). In
α-RuCl ∆ increases as a function of the applied field as
depicted in figure 2(d). Furthermore, ∆(H) can be de-
scribed by a single power law ∆(H) = ∆0 + aHβ where
∆0 is the gap value at H = 0. The zero field gap ∆0
and the exponent β can be extracted from the fit: one
obtains ∆0 = (14 ± 0.1) K and β = 2.9 ± 0.1. Figure 1
in the supplementary material illustrates the robustness
of the fitting parameters. The nearly cubic field depen-
dence of ∆(H) is consistent with a Majorana fermion gap
[1] as seen before in NMR measurements [18, 19] and .
The finite zero-field gap ∆0 can be associated with the
field-independent Z2 flux.
Indeed, for magnetic fields below 6 T no Schottky
anomaly can be identified, likely due to the presence of
the AFM transition which dominates the temperature de-
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FIG. 2. (a) Thermal expansion ∆L/L0 vs. temperature for different magnetic fields. Curves were shifted vertically for clarity.
The grey shaded region indicates the antiferromagnetic transitions. (b) Thermal expansion coefficient α for fields H > 6 T.
The solid red lines are fits representing a Schottky-like behavior according to equation 1 while the curve recorded at 6 T was
fitted only for temperatures above 7 K, avoiding the antiferromagnetic transition. (c) Thermal expansion coefficient α vs.
temperature at zero magnetic field. (d) The gap ∆(H) (squares), indicating a H3 behavior (solid red line) and a finite gap ∆0
at µ0H = 0 T. The triangles represents the activation energy extracted from fits using a single exponential function.
pendence of the thermal expansion coefficient and masks
the Schottky anomaly (see figure 2(c)). Note that the
6 T curve in figure 2(b) already shows a significant drop
in α due to the magnetic ordering, however it is still pos-
sible to fit the high temperature tail to equation (1) and
extract the gap value as depicted in the graph. Similar
to earlier specific heat measurements [33] we also fit the
low temperature tails of α(T ) with a single exponential
activation function α(T ) = Ae−∆aT (see figure 2 in the
supplementary material) which yields a gap ∆a that is
comparable with those extracted from specific heat and
thermal conductivity measurements [13, 14, 33].
Under an external magnetic field α-RuCl3 shows lattice
contraction along (1,1,0) as depicted in figure 3(a). The
critical field Hc, which leads to the destruction of the
AFM order and the onset of a partially field polarized
magnetic phase, manifests as a kink in the ∆L/L0 vs. H
data, where ∆L = L(H)−L(H = 0). A second transition
at a lower field H∗ is evident in the linear magnetostric-
tion coefficient λ = (1/L0)∂∆L/∂H and corresponds to
the transition between two different AFM phases with
different stacking order. These phases have been iden-
tified in the literature [28, 34] and labeled zz1 and zz2.
The low field anomaly in α(H) around 1 T is likely a re-
distribution of magnetic domain populations [33]. It is
interesting to note that the significant lattice parameter
reduction in the high magnetic field state is, by itself
and independently of the specific functional dependence
chosen to fit the data, unambiguous evidence for a fi-
nite energy gap. The magnetostriction curves are almost
temperature independent up to T = 7 K and µ0H = 10 T
aside from the above mentioned features that indicate the
phase transitions. The resulting AFM phase diagram of
α-RuCl3 is shown in figure 3(b) containing both the FBG
and MCE data discussed below. The critical fields were
extracted from minima in λ(H). Our phase diagram and
critical fields agree well with the literature [28, 34].
Results from our MCE measurements are discussed in
two parts. First, measurements under quasi-adiabatic
conditions were carried out at temperatures above 2 K by
removing the 4He exchange gas, which decreases the ther-
mal conductivity between the sample and the bath. For
these measurements the magnetic field was also applied
along the (1,1,0) axis. The resulting temperature-field
curves shown in figure 4(a) display an almost perfectly
reversible behavior upon sweeping the magnetic field up
and down above 7 K, confirming quasi-adiabatic condi-
tions, i.e. virtually no heat exchange with the thermal
bath. The open loops below 7 T are attributable to some
irreversible heating at the phase boundaries characteris-
tic of first-order-like phase transitions.
The critical fields H∗ and Hc manifest as minima
and/or shoulders in the temperature vs H curves and
were added to the phase diagram shown in figure 3(b).
The temperature drop at critical fields is typical of in-
creased magnetic entropy in the proximity of phase tran-
sitions. The zz2 phase appears to be much narrower
in field in the dilatometry data, when compared to the
MCE effect. However, so far we can only speculate about
the possible reasons for this behavior and the difference
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FIG. 3. (a) ∆L/L vs the magnetic field at T = 1.6 K (black
curve). The arrows denote the critical fields marking anoma-
lies in the derivative λ = (1/L0)∂(∆L/L)/∂H (red line) be-
tween the different AFM phases zz1 and zz2, as well as AFM
and the partially field polarized paramagnetic state. The low
field anomaly (blue arrow) is likely caused by magnetic do-
main flip as mentioned in the text. (b) Phase diagram of
α-RuCl3 extracted from magnetoelastic and MCE measure-
ments. Open symbols represent the transition from the zz1 to
the zz2 AFM state, solid symbols indicate the transition be-
tween AFM order and the partially field polarized PM state.
might also be related to the criteria chosen to define H∗
and Hc. A small in-plane sample misalignment (≈ 5◦)
between the MCE and FBG measurements can lead to
a shift in the transition fields and a narrower zz2 phase
[34]. Additionally, strain induced by the thermal expan-
sion mismatch between the optical fiber and the α-RuCl3
sample might also lead to different critical fields, since the
MCE sample is not attached to any substrate or fiber and
thus strain-free. The critical field values shown for this
type of measurement are in excellent agreement with the
literature [28, 34].
Adiabatic conditions at temperatures below 2 K are
difficult to realize due to residual liquid 4He in the sam-
ple space and adsorbed 4He atoms on the sample sur-
face, as well as the lack of sufficient cooling power in
the absence of residual liquid. In order to study the
phase diagram at temperatures below 2 K we conducted
MCE measurements under quasi-isothermal conditions
(also called “equilibrium“ in ref. [36]) where the sample
was immersed in either liquid 3He or 4He ensuring a good
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FIG. 4. (a) Sample temperature vs. magnetic field under
quasi-adiabatic conditions. The shaded areas mark the first
(blue) and second (grey) critical field respectively. The arrows
symbolize the field sweep direction. (b) Relative change of
the sample temperature ∆T/T as a function of the magnetic
field under quasi-isothermal conditions, after a smooth back-
ground subtraction. (c) Expanded MCE curve at an initial
temperature of 1.1 K. (d) Cartoon displaying the expected
quasi-isothermal behavior of the MCE under reversible (2nd
order) and irreversible (1st order) conditions[35].
thermal link between the sample and bath. This finite
(good enough to cool down the sample yet far from per-
fect) thermal link results in a finite temperature change
∆T as a function of the magnetic field close to the critical
fields and a otherwise constant sample temperature. The
scaled ∆T vs. H curves, after subtraction of a smooth
5background, are shown in figure 4(b, c). Low tempera-
ture features are enhanced compared to the higher tem-
perature data (e.g. the 4 K curve) as a result of the
temperature scaling, the raw data is included in the sup-
plemental material (figure 3).
At temperatures of ≈ 1 K and above our data agrees
well with recent results by Balz et al. [28], consistent
with a continuous (second order-like) transition out of
the AFM state. Due to magnetic fluctuations and an
increased entropy, a reduction of the sample tempera-
ture is observed in the quasi-adiabatic data as the mag-
netic field approaches H∗. After passing the phase transi-
tion the sample temperature slowly relaxes back towards
the bath temperature and further cooling is observed by
crossing the phase boundary at Hc. Consequently a pos-
itive temperature change ∆T is observed when entering
the AFM phase by decreasing the magnetic field. Under
quasi-isothermal conditions, the magnitude ∆T is not the
same during the up- and down-sweep due to the differ-
ent sweep rates and irreversible contributions. Similar to
reference [35] one can split ∆T into an reversible and irre-
versible component ∆T = ∆Trev+∆Tirr. The irreversible
temperature difference ∆Tirr represents dissipative pro-
cesses inside the sample which always lead to an increase
in the sample temperature, regardless in which direction
the phase boundary is crossed.
Remarkably the MCE curves clearly show irreversible
behavior below 1 K, meaning that while going through
the AFM phase transition in both up- and down-sweep
the sample temperature increases indicating the release
of latent heat or other irreversible processes such as AFM
domain movement. The transition at H∗ is expected to
be first-order due to the coexistence of phases with a
different AFM ordering vector [37]. The second phase
transition at Hc also shows a large irreversible compo-
nent at low temperatures. Due to the vanishing entropy
and T → 0, ∆Trev becomes smaller at lower temperatures
and ∆Tirr dominates below 1 K. This strongly indicates a
first order phase transition below 1 K as opposed to a sec-
ond order phase transition which is characterized by a re-
versible temperature behavior displaying sample cooling
during the up-sweep and heating during the down-sweep
(see figure 4(d)). Interestingly other studies have found a
quantum critical scaling behavior close to Hc [14, 22] in-
dicating a second order phase transition - contrary what
we would expect from our measurements.
The first point we want to address in our discussion
is the presence of the energy gap feature which emerges
from the thermal expansion measurements. Due to the
connection between α and cp it is natural to assume that
∆ can be associated with the spin gap observed in pre-
vious specific heat studies of αRuCl3 even though it is
difficult to extract the purely magnetic contribution to
α(T ), one can assume that the non-magnetic (phonon)
contribution to α(T ) is field-independent. Indeed, the
analysis of the low temperature activation behavior above
Hc yields a similar gap size and ∆(H) behavior when
compared to the specific heat and thermal conductivity
measurements [13, 14, 33] thus indicating that the ex-
act field dependence of the spin gap strongly depends
on which model and temperature range is chosen to ex-
tract the gap size. However, the Schottky fit covers a
much larger temperature scale making it more reliable
than the exponential activation behavior which can only
be applied to a very small temperature window and is
quite sensitive to the choice of fitting range. The gap size
and the increasing field dependence is consistent with re-
cently reported ESR, Neutron scattering and NMR data
[18, 28, 38]. Note that in those studies a reopening energy
gap is observed for fields below Hc that are not captured
by our measurements.
Secondly, we discuss our results in the light of a poten-
tial field induced QSL phase or proximate QSL behavior
above Hc. In the past, significant efforts have been made
to reveal the field induced quantum spin liquid phase
in α-RuCl3. Most prominently, studies of the thermal
hall effect [11, 12] report evidence for fractional excita-
tions based on the emergence of a half integer plateau
within a finite field range between approximately 10 and
11 T for H ‖ (1, 1, 0) [12]. This suggests the presence
of additional phased transitions above Hc between the
quantum spin liquid and polarized paramagnetic state.
Signs for transitions above Hc where detected by MCE
measurements at around 9 T [28] and magnetostriction
experiments at approximately 11 T [22]. Other studies
reporting measurements of the magnetic Gru¨neisen pa-
rameter and specific heat [39] as well as ESR [38] show
no signatures of phase transition beyond 8 T.
The magnetoelastic and magnetocaloric data presented
here does not show evidence for a field induced phase
transition above Hc even at temperatures as low as
0.57 K. Only a broad maximum in the isothermal MCE
is visible around 12.5 T (see supplementary figure 3) - not
indicative of a phase transition. Note that in this work
the magnetic field is aligned perpendicular to the Ru-Ru
bonds whereas in refs. [22, 28, 39] different in-plane field
orientations were chosen. This calls for further studies to
evaluate whether additional high field phase transitions
are present for different in-plane field orientations.
In summary we conducted new measurements of the
lattice and thermal properties of α-RuCl3. We observe a
energy gap which follows aH3 behavior. It is however un-
clear whether this behavior can me assigned to fractional
excitations as in recent specific heat measurements [40]
or if it can be attributed to conventional magnons [38].
Thermal measurements for fields applied perpendicular
to the Ru-Ru bonds show clear evidence for a first order
phase transitions at H∗ and Hc. No signature of a tran-
sition between the proposed field induced quantum spin
liquid and the high field paramagnetic state was found.
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Supplemental Material
I. METHODS
FBG dilatometry measurements were performed in a superconducting magnet system equipped with a 4He cryostat.
The plate-like sample was carefully cut using a wire saw to provide a straight edge where the optical fiber is attached
to, using a cyano-acrylate based adhesive. To ensure a good thermal anchoring, a gold wire was glued to the sample,
providing a thermal link to the bath. The FBG spectra were recorded with an optical sensing interrogator (Micron
Optics, si155) R©. A second and third Bragg grating present in the optical fiber were used as references. The reference
thermal expansion and magnetostriction signals were fitted and subsequently subtracted from the sample signal. The
temperature dependence of the refractive index and the thermal expansion coefficient of the SiO2 fiber are small in
the measured temperature range (T < 40 K) and can be neglected (see M. Jaime, C. et al., Sensors 17, 2572 (2017)).
For the MCE measurements we deposited a thin film ≈ 10 nm of AuGe (Au 16% target) on the sample surface
which acts as a thermometer due to its semiconducting resistivity behavior. This method ensures an excellent thermal
link between the sample and the thermometer which is crucial given the short millisecond-long timescales in pulse
field experiments. To improve the contact resistance a thin layer of Gold ≈ 10 nm was deposited on top of the AuGe;
part of the sample was masked to avoid shorting the AuGe film. The resistance of the AuGe thermometer was then
measured via a quasi two contact measurement. Typical resistances of the AuGe film reach around 400 Ω at 4 K -
far above any contact resistances present during this measurements. The MCE measurements were performed in a
65 T short pulse magnet at the National High Magnetic Field Laboratory pulsed field facility at Los Alamos National
Laboratory. The magnetic field pulse has an approximate rise time of 5 ms and a total pulse length of ≈ 30 ms. The
sample was not glued to the sample holder to limit the thermal anchoring for adiabatic measurement conditions.
Quasi-adiabatic conditions were achieved by cooling down the sample and removing all cryogenic liquid and exchange
gas surrounding the sample. On the other hand, under quasi-isothermal conditions the sample was immersed in liquid
3He or 4He, ensuring a better connection to the thermal bath.
II. SUPPLEMENTAL FIGURES
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FIG. 1. (a, b, c) Least square error as a function of the fitting parameters β, ∆0 and a used in the power law fit of the energy
gap ∆ = ∆0 + a(µ0H)
β . The variable on the abscissa is fixed in each plot and the remaining two parameters are fitted to
minimize the error.
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FIG. 2. Low temperature behavior of the thermal expansion coefficient α for magnetic fields above 6 T. The curves are shifted
vertically for clarity. The red lines represent fits of a single exponential activation function ∝ Ae−∆T of the low temperature
part of α(T ).
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FIG. 3. (a) Magnetocaloric effect data, displaying the sample temperature as a function of the magnetic field. (b) At lower
temperatures, due to the poorer thermal coupling to the bath and the large dH/dt at the beginning of the pulse, a significant
sample heating is observed. We accounted for this effect by fitting the MCE data with a third order polynomial (red lines) in
the field range from 2 to 10 T.
